Purpose This study aimed to clarify the risks of adverse pregnancy outcomes in patients who conceive singletons after frozen embryo transfer (FET) during a hormone replacement cycle and their offspring. Methods A retrospective cohort study was conducted in patients who conceived after FET, based on the Japaneseassisted reproductive technology registry for 2013. The perinatal outcomes in cases with live-born singletons achieved through natural ovulatory cycle FET (NC-FET) (n = 6287) or hormone replacement cycle FET (HRC-FET) (n = 10,235) were compared. Multiple logistic regression analyses were performed to determine the potential confounding factors. Results The frequencies of macrosomia (1.1% in NC-FET and 1.4% in HRC-FET; P = 0.058) were comparable between patients after NC-FET and HRC-FET. The proportions of post-term delivery (0.2% in NC-FET and 1.3% in HRC-FET; P < 0.001) and Cesarean section (33.6% in NC-FET and 43.0% in HRC-FET; P < 0.001) were higher in patients after HRC-FET than in patients after NC-FET. The risks of post-term delivery (adjusted odds ratio (AOR) 5.68, 95% confidence interval (CI) 3.30-9.80) and Cesarean section (AOR 1.64, 95% CI 1.52-1.76) were also higher in patients after HRC-FET than in patients after NC-FET. Conclusions Patients who conceived singletons after HRC-FET were at increased risk of post-term delivery and Cesarean section compared with those who conceived after NC-FET.
Introduction
Frozen-thawed embryo transfer (FET) during a hormone replacement cycle (HRC-FET) is a common treatment for women with fertility problems. Cryopreservation enables physicians to save the embryos generated through assisted reproductive technology (ART) and reduces the risk of ovarian hyperstimulation syndrome [1] . With the assistance of cryopreservation, we can also prevent multiple gestations by transferring fewer embryos [2] . In parallel, an HRC-FET helps patients with irregular cycles reduce the frequency of hospital visits, schedule the date of FET with ease, and decrease the cancelation rates of embryo transfer. For these reasons, many eumenorrheic women undergo HRC-FET as well [3] .
Recently, some groups have reported associations between FET and adverse perinatal outcomes, such as abnormal placental formation [4, 5] , hypertensive disorders [5, 6] , post-term birth, and macrosomia [7] . While the underlying mechanism of these associations is unclear, endometrial injury associated with embryo transfer or altered epigenetic status due to embryo culture and cryopreservation potentially explain the pathophysiology [7] [8] [9] . In addition, hormonal disorders caused by the ART procedure or patient fertility problems may also influence pregnancy outcomes [10, 11] . Regarding the endometrial preparation for FET, previous studies have revealed that the rates of implantation, pregnancy, and live birth after HRC-FET are comparable to those after FET during natural ovulation cycles [12, 13] . However, little is known regarding the effect of HRC-FET on other maternal and neonatal outcomes.
Considering the recent expansion of ART with FET and association between FET and adverse perinatal events, identifying high-risk patients is essential for improving obstetric management. Based on analyses of Japanese national ART registry data, we herein report the differences in pregnancy outcomes, including timing and mode of delivery, between patients who underwent HRC-FET and FET during a natural ovulatory cycle (NC-FET).
Materials and methods
This study was approved by the Institutional Review Board and the registration and research subcommittee of the Japan Society of Obstetrics and Gynecology (JSOG) Ethics Committee. We analyzed the data from the Japanese mandatory ART registry provided by the JSOG. The details of the registry have been previously described [5, 14] . In this study, we obtained the data on cases treated at 557 ART facilities in 2013. Since the use of donor gametes or embryos is not permitted in Japan, all of the transferred embryos were created from autologous oocytes and sperms obtained from couples.
From the registry data, we analyzed women who underwent FET and achieved a live birth after 22 weeks of gestation (n = 30,933) (Fig. 1) . Both vitrified and slow-frozen embryo cases were included. Given that multiple pregnancy is a potent factor influencing adverse obstetric and perinatal outcomes, cases of multiple pregnancy (n = 1457) were excluded from the analysis. In the database, procedures for endometrial preparation were recorded as one of the following: natural cycle, cycle with clomiphene citrate, cycle with human menopausal gonadotropin or follicular-stimulating hormone, HRC, and others. Incomplete clinical data (missing data for the method of endometrial preparation (n = 9843), gestational age at delivery (n = 660), and delivery mode (n = 297)) were excluded from the analysis. The remaining cases were categorized as follows: HRC-FET patients (HRC group, n = 10,235), NC-FET patients (NC group, n = 6287), and others (n = 2154).
The characteristics and pregnancy outcomes of the HRC and NC groups were compared in a univariate analysis. Because the ART registry only provided the number of weeks for gestational age, we defined term, pre-term, and post-term deliveries as delivery between 37 and 41 weeks, less than 37 weeks, and over 41 weeks of gestation, respectively. The gestational ages of ART pregnancies were calculated according to the stage of the embryo and date of embryo transfer, following the clinical guidelines in Japan. According to the standard size and weight of newborns provided by the Japan Pediatric Society, we also calculated the proportion of neonates who were small for gestational age (SGA, below the 10th percentile of standard) or large for gestational age (LGA, above the 90th percentile of standard) [15] . The rate of stillbirth was also calculated based on the number of cases in the HRC and NC groups and the number of stillbirth cases after HRC-FET and NC-FET in the registry. Some specific clinical data including reason for HRC-FET, type of cryopreservation (slow freeze or vitrification) and type of Cesarean section (elective or nonelective) were not included in the registry and therefore could not be analyzed.
We stratified the cases according to the number of gestational weeks at delivery and examined the numbers of total deliveries, vaginal deliveries, and Cesarean sections, including both planned and emergency Cesarean sections. Using the Mann-Whitney U test, we compared the distributions of the gestational age at delivery for the HRC group, NC group, and all Japanese neonates registered with the Ministry of Health, Labor, and Welfare in 2014. Using the chi-squared test, we also compared the rates of Cesarean sections in the HRC and NC groups for each gestational week. The risk factors for post-term delivery, Cesarean section, and SGA were analyzed in multivariate logistic regression analyses. The explanatory variables were HRC group vs. NC group, maternal age, blastocyst transfer vs. cleaved embryo transfer, assisted hatching vs. natural hatching, number of embryos transferred, offspring sex, and indications for ART treatment. All of the analyses were performed using SPSS version 22.0 (SPSS, Chicago, IL, USA). Significant differences were defined as P < 0.05.
Results
The characteristics and pregnancy outcomes of the NC and HRC groups are shown in Table 1 . In the HRC group, the average maternal age was lower, more embryos were transferred, and early-cleaved embryos and assisted hatching were more often found than in the NC group. There were differences in the indication for ART between the two groups. In terms of the neonatal birth weight, the proportion of neonates weighing less than 2500 g was higher in the HRC group than in the NC group, but the proportions of neonates weighing The differences between the groups were evaluated by the Mann-Whitney U test c The differences between the groups were evaluated by the chi-squared test d The differences between the groups were evaluated by Student's t test 4000 g or more were comparable between the two groups. There were more SGA neonates in the HRC group than in the NC group, while the proportion of LGA neonates was similar between the two groups. While the frequency of preterm delivery was comparable between the two groups, postterm delivery was more frequent in the HRC group than in the NC group. In addition, the frequency of Cesarean section was higher in the HRC group than in the NC group. By analyzing the distribution of gestational weeks at delivery, we found that both total deliveries and vaginal deliveries in the HRC group were delayed compared with those in the NC group counterpart (P < 0.001) (Fig. 2) . The proportions of Cesarean sections at 37 and 38 weeks of gestational age were comparable between the two groups; however, the proportion of Cesarean sections was higher in the HRC group than in the NC group at 39 weeks of gestation and later (Fig. 2) . During term gestation, the rate of Cesarean sections was consistently higher in the HRC group than in the NC group (Fig. 3) . A multiple logistic regression analysis showed that HRC-FET (vs. NC-FET) was a significant risk factor for both post-term delivery (adjusted odds ratio (AOR), 5.68; 95% confidence interval (CI), 3.30-9.80) and Cesarean section (AOR, 1.64; 95% CI, 1.52-1.76) ( Table 2 ). Regarding the risk of SGA, HRC-FET was not a significant risk factor after adjustment (Table 2) .
Discussion
We noted a higher risk of post-term delivery and Cesarean section in patients who conceived through HRC-FET than in patients who conceived through NC-FET. Our results provide new insights into the increase in adverse obstetric and perinatal outcomes in pregnancies after FET.
The common risk factors for prolonged gestation include previous post-term gestation, primiparity, male fetus, and genetic factors [16] . Recent studies have also described FET as an additional risk factor for prolonged gestation and macrosomia [7] . While these studies did not clarify the mechanism behind the observations, our results show a possible link between endometrial preparation and the timing of delivery. We demonstrated the association of HRC-FET with postterm delivery but not with macrosomia, suggesting that prolonged gestation and fetal overgrowth after FET may be caused by different factors. The analyses of the SGA and LGA groups also suggested that HRC had little effect on the overgrowth of the neonate. Nevertheless, we should be aware of the increase in prolonged gestation because several studies have demonstrated that late-term and post-term pregnancies are associated with an increased risk of perinatal mortality and morbidity other than macrosomia [17] .
We detected an association between endometrial preparation using HR and the mode of delivery. Notably, the Cesarean section rate was consistently higher in the HRC group than in the NC group throughout term gestations, suggesting that either fertility problems in the patients who underwent HRC-FET or HRC itself is responsible for this increase. Because HRC is effective for women with irregular menses, the HRC group may include a greater proportion of patients with ovulation disorders whose indication for ART was described as Fig. 2 The distributions of the delivery in the natural ovulatory cycle (NC) and hormone replacement cycle (HRC) groups. The data are expressed as the proportion of the deliveries at the respective gestational ages (expressed in weeks) to all of the deliveries after at least 22 weeks of gestation. The blue and red lines indicate the proportions of deliveries in the NC and HRC groups, respectively. The black dotted line indicates the distribution of the delivery of all Japanese neonates in 2014. In the upper graph, the distributions of the delivery in the three groups were significantly different (Mann-Whitney U test, P < 0.001). Likewise, in the lower graph, the distributions of vaginal delivery (VD) and Cesarean section (CS) were significantly different between the NC and HRC groups (Mann-Whitney U test, P < 0.001) Fig. 3 The rates of Cesarean sections at term for the natural ovulatory cycle (NC) and hormone replacement cycle (HRC) groups. The rates of Cesarean section were compared between the two groups at each week of gestation using the chi-squared test, and the statistically significant values are indicated with asterisks Bothers^in Table 1 , in comparison with the NC group [3] . For example, polycystic ovary syndrome, a major ovulation disorder, is closely related to ovarian hyperstimulation syndrome and is a reasonable indication for HRC-FET [18] . Indeed, these patients are at a high risk of adverse obstetric outcomes, including hypertensive disorders [11] . Likewise, the endometrial preparation using HR itself may be responsible for the adverse outcomes. We found that HRC remained a significant risk factor for post-term delivery and Cesarean section even after adjustment for fertility problems (Table 2 ). Since HRC requires medication, the condition might be less physiological than for those with NC [3] . This association between HRC and adverse perinatal outcomes must be thoroughly evaluated, as many eumenorrheic women favor and undergo this treatment.
Several limitations associated with the present study warrant mention. Because of the inherent limitation of the registry data, we were unable to adjust for potential confounding variables, such as parity, embryo quality, smoking status and alcohol intake, body mass index, and socioeconomic status. Temporal and geographic bias was also not adjusted, while many clinical factors and procedures potentially changed over time and place. In addition, the reason for the use of HRC-FET was not analyzable. However, our results clearly demonstrated the associations between adverse pregnancy outcomes and endometrial preparation by HRC, helping to identify those patients who potentially require additional care. Because one third of the cases were excluded due to missing data, we also need to be aware of the consequent bias. However, most of the registry data were available, and the fact that we were able to use the data from more than 16,000 patients in the Japanese ART registry, the largest nationwide registry in the world at present, is still worth noting.
In conclusion, our findings indicate that the patients who conceived singleton using HRC-FET are at higher risk of postterm delivery and Cesarean section than those who conceived through NC-FET. Notably, our results provide a possible explanation for the increased risk of obstetric and perinatal outcomes among patients who conceived after FET. 
